Cities are rapidly growing throughout the world and are altering biologic processes in many regions, with global consequences. Urbanization in the Phoenix, USA metropolitan region has dramatically altered regional ecosystem patterns, but little is known about how these changes have influenced soil organic matter, total nitrogen, and the distribution of nitrogen stable isotopes. Because urban development is a phenomenon occurring at multiple scales, ecological consequences of urbanization will likely differ between individual patches and the entire metropolitan region. To investigate such changes we conducted spatially explicit surveys including three dominant land-use types in this region: native desert, agriculture, and mesic residential. These data were combined for analysis with previously collected samples from a synoptic regional survey. A landscape scaling approach was implemented to compare the dependence of soil variability on the sampled extent and the uncertainty associated with scaling from points to patches, landuse types, and the Phoenix metropolitan region. The multiple-scale analysis of soil properties showed that variation in total soil nitrogen, soil organic matter, and d 5 N content of soils differed between patch and regional scales. The majority of variation in the urbanized patch types was exhibited between patches while for the native desert the majority of variation was observed within individual patches. These differences show the impact of urbanization on the scaling relations of ecosystem components. Overall, urbanization in this region appears to have increased soil organic matter by 44%, total nitrogen by 48%, and has elevated d 15 N by 21%.
Introduction
Urbanization exerts a strong effect on ecosystem patterns and processes from local to regional scales (Grimm et al., 2000; Pickett et al., 2001) and is an important component of global land-use change (Vitousek, 1994 ; United Nations Centre for Human Settlements, 2001 ). However, the consequences of urbanization for soil total nitrogen (TN) and organic matter (OM) pools are poorly understood (Craul, 1985; Beyer et al., 1995; Howard et al., 1995; Schleuss et al., 1998; Pouyat et al., 2002) . Because soils constitute the largest reservoir of terrestrial organic carbon and nitrogen, information on how urbanization affects soils is important for fully understanding regional to global carbon and nitrogen budgets (Baker et al., 2001; Pouyat et al., 2002) . Even though urban soils are estimated to account for only 26.28 Â 10 14 g of carbon or roughly 4% of the carbon in the conterminous United States (Pouyat et al., 2002) , cities are among the most dynamic terrestrial ecosystems and this pool of carbon may be changing rapidly. Land-management decisions can play an important role in determining soil characteristics and can have legacy effects on soils lasting for centuries to millennia (Redman, 1999; Compton & Boone, 2000; Foster et al., 2003) .
As urbanization is a rapid global transformation occurring primarily in spatially discrete urban areas, local and regional case studies are needed to assess the global impacts of this process (Kaye et al., 2005) , with special emphasis on multiscale studies linking local and regional patterns (Grimm et al., 2000; Pickett et al., 2001) .
Research on urban soils shows that OM and nutrient contents can vary as much within a city as they do across biomes (Pouyat et al., 2002) . Decisions that alter urbanized ecosystems occur from scales of individual residences (Martin, 2001 ) to neighborhoods (Jenerette et al., in review, Massey, 1996) and regions (Oke, 1973; Idso et al., 1998; , with overlaps and nonlinearities between scales. Direct effects of urbanization on soils include physical disturbance, coverage by different materials, management of inputs, and harvest of vegetation. Indirect effects of urbanization on soils include changes in local climate, hydrology, biodiversity and deposition of nutrients, pollutants, and toxins (Pouyat et al., 2002) . The consequences of these changes to urban soils can alter vegetation growth (Gregg et al., 2003) , soil chemistry (Pouyat et al., , 2002 Zhu & Carreiro, 2004) , nutrient cycling (Carreiro et al., 1999; Groffman et al., 2004; Zhu & Carreiro, 2004; Pavao-Zuckerman & Coleman, 2005) , trace gas fluxes (Goldman et al., 1995; Kaye et al., 2004 Kaye et al., , 2005 , and belowground communities (Pouyat et al., 1994; Kaye et al., 2005) .
Here, we examined the effect of urbanization on multiple-scale spatial variation in soil biogeochemistry for the Phoenix, AZ metropolitan region. Recent nutrient budgets have identified high rates of material fluxes through urban ecosystems (Baker et al., 2001; Groffman et al., 2004) . However, the spatial distribution of material storage has not been sufficiently resolved. Our analysis focused on soil OM (SOM), TN and the natural abundance of nitrogen stable isotopes, expressed in 'del' units of parts per thousand 15 N (d 15 N) in comparison with a standard. While components of SOM and TN may cycle rapidly, overall SOM and TN are characterized as slowly changing pools not subject to substantial intraannual variation (Gregorich et al., 1994) . In contrast, d
15 N may respond more quickly to changing ecological conditions. SOM is a measure of the total mass of living and nonliving organic material within the soil. SOM is often used as a surrogate measure of organic carbon; however, SOM overestimates the soil organic carbon pool. Soil TN is composed of inorganic NH 4 1 , NO 3 À , and various organic compounds. Variability in d 15 N can provide information on the sources and processing of nitrogen within an ecosystem (Evans & Ehleringer, 1993; Hoberg et al., 1995; Connin et al., 2001; Amundson et al., 2003) .
We present results from a study that uses comparable data sets collected at three nested scales and a comprehensive scaling strategy to evaluate the uncertainty associated with scale translations. Because there are alternative definitions for spatial units, we specifically define these units as used herein. Patch refers to a single land-use and land-cover unit owned by a single agent who manages the unit homogeneously, for example, an agricultural field growing a single crop. Region refers to the entire Phoenix metropolitan area, including both the urbanized core, expanding fringe, and outlying native desert. Landscape refers to any area where spatial heterogeneity is identified, including patches and the region.
We gion? Answering these questions for the Phoenix region will provide insights into both the effects of urbanization on soil constituents and strategies for scaling between individual soil samples and broad heterogeneous regions. To address these questions, we developed an empirical spatial-scaling approach that incorporates information from four different scales: points, patches, land-use types, and the region, into a scaling ladder (Wu, 1999) . This scaling approach examines the differences in the storage and variability of soil OM, TN, and d 15 N for the entire Phoenix, AZ metropolitan region by comparing the existing desert to the urbanized areas.
Site description
The Phoenix, AZ metropolitan region lies at the confluence of the Salt and Gila Rivers in central Arizona. The native ecosystem is Sonoran desert scrub and includes primarily the lower Colorado River valley and some of the Arizona upland subbiomes (Turner & Brown, 1994) . The regional climate is hot and dry, with an average annual daily maximum temperature of 30 1C, average daily minimum of 15 1C, and mean annual rainfall of 193 mm. Precipitation is distributed bimodally with intense summer monsoon storms and longer duration but less intense storms associated with winter frontal systems. The Phoenix metropolitan ecosystem consists of well-delineated patches dominated by agriculture, native desert, and residential land-cover types Stefanov et al., 2001) , with residential patch types mostly falling into two broad landscaping categories: mesic grassy yards and xeric faux-desert (Martin, 2001) . Human alterations in the region associated with urbanization have been and continue to be linked with
changes in agriculture. The landscape impacts of urbanization in this region were detectable up to a distance of at least 75 km from the urban center in 1995 . Urbanized land cover and human population size both increased exponentially over the past 100 years, with the Phoenix metropolitan region reaching 3.3 million human residents by 2004. If population growth continues on the same trajectory and the relationship between population size and urban area continues, by 2030 the urban area will grow to an extent of 6000 km À2 with a human population of 8 million ). This rate of urban growth is representative of urbanization within the sun belt of the United States and many arid and semiarid lands globally (Alig & Healy, 1987; Warren et al., 1996 ; United Nations Centre for Human Settlements, 2001; Cohen, 2003) .
Methods

Patch sampling
We intensively sampled two patches each in three landuse types of agricultural, mesic-residential, and native desert ecosystems for a total of six patches. The two patches from each land-use type were not replicate samples, but were meant to bracket the range of heterogeneity within each land-use class. Because many factors in addition to land use influence soil conditions within the ecosystem, our six patches were chosen to represent the most common characteristics of these land-use types within the region (Fig. 1) . However, the sampling scheme used may include unaccounted for biases in the representativeness of the sampling grid for the patch, and of each patch for the land-cover classes. The patches sampled in agricultural land use were an alfalfa (Ag1) and a cotton (Ag2) field, the dominant crop types in the region; for the mesic-residential land use an old park, established before 1970 in a lower-income neighborhood (Mes1), and a new park, established after 1995 in an upper-income neighborhood (Mes2) were sampled; and for the native desert patches we sampled a site within the urbanized core surrounded by a mix of land uses (Des1) and one outside the city in an area legally mandated to remain as native desert but actively used for recreation by urban inhabitants (Des2). Like much of the desert beyond urban development, this area has less topographic relief than the remnant desert inside the city. Fig. 1 Landscape pattern in the Phoenix, AZ metropolitan region (modified from Stefanov et al., 2001) . This image was generated from an expert classification system that combined satellite and other data to identify patch types.
Intensive sampling of soils was conducted at each site within a 2-week period in April 2002. During this period no rain (or irrigation) was observed, which could have induced transitory changes to many soil biogeochemical variables (Noy-Meir, 1973; Huxman et al., 2004) . We used a dual-density, spatially stratified sampling design, establishing a roughly 80 m Â 80 m square grid and locating samples at 10 m intervals on that grid. Additional sampling points were located randomly within the central 20 m Â 20 m part of the grid for the smallest-scale survey (see Table 1 for final sample sizes from each survey). The size of the actual patch extended between $1.5 (Mes2) to more than 100 (Des2) times the sampling grid. The sampling grid was located within each patch such that it fit completely within the patch and was characteristic of the dominant topographic and management patterns of the patch. The grid and all sample locations were mapped using a 'Total Station' laser-based surveying instrument; additional survey points were included to ensure an adequate topographic description of the site. At each sampling location we measured elevation and slope and collected a 5.08 cm diameter Â10 cm deep soil core. A 10 cm core was chosen as a standard for comparison between patches and additional regional monitoring. Cores were transported to the laboratory in coolers and refrigerated (5 1C) before determination of water content, stone content, bulk density, TN, d 15 N, and SOM.
Regional sampling
Soil samples at the regional scale were collected during the spring of 2001 as a primary long-term monitoring component of the Central Arizona-Phoenix Long Term
Ecological Research (CAP-LTER) project. The sampling region was centered on the Phoenix urban core and extended into the outlying native desert encompassing a total extent of 6400 km 2 . The sampling scheme for the regional study consisted of a dual-density, tessellationstratified randomized design with 204 survey sites (Hope et al., 2003) . Soil cores were collected from four locations within each 30 m Â 30 m survey site. The top 10 cm sections of the four replicate soil cores from each survey site were mixed to give a single sample per site and processed as described below. Data on soil inorganic N concentrations, net N mineralization and nitrification, SOM, bulk density, and water content from this large survey have been presented elsewhere (Zhu et al., in press, Hope et al., in press ). The SOM and bulk density data are again presented but here subjected to scaling analyses, whereas for TN and d 15 N new chemical analyses were conducted using archived soil samples.
Laboratory analyses
Water content was determined as mass loss between fresh and oven-dried (60 1C, until mass stabilized) samples. Gravel-free bulk density was determined from dry mass of soil divided by the volume of the soil core. The high clay content of many samples caused clumping during drying; clumps were manually ground until they passed through a 2 mm sieve. Soil samples thus processed were then subsampled for subsequent analyses of SOM and TN, as well as d 15 N. SOM concentration was estimated using mass loss-on-ignition (550 1C, 6 h). Soil TN concentration and d
15
N were determined using a PDZ-Europa Hydra GSL 20/20 Isotope Ratio 
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Mass Spectrometer, which gave both % total N and isotopic ratios for each sample. Pool sizes were estimated by multiplying concentration by bulk density. The d 15 N values are a standardized measure of the ratio of N isotopes in the sample:
where R is the 15 N :
14 N ratio in sample or standard, which for N is the atmosphere (Peterson & Fry, 1987) .
Statistical analyses
Statistical analyses were conducted to address questions posed earlier relating to variation in soil properties within and across scales and land-use types. As a brief overview, our analysis characterized the mean and variability observed within each patch (Question 1) and compared the patterns observed in each data set (Question 2). Estimates of means and uncertainties for each land-use type were generated through a linkage of the patch and regional data (Question 3). We then upscaled estimates of OM and TN storage and values of d 15 N by combining the land-use type estimates with a classified satellite map of land-use distributions allowing for an assessment of the urbanization effect (Question 4). These analyses were addressed using Monte Carlo and bootstrapping techniques, which are especially useful for estimating statistical properties of nonparametric distributions (Potvin & Roff, 1993) . To describe the variation within each data set we calculated means and standard deviations for each patch, land-use type, and for the entire region. To compare variation between the different scales, we computed a ratio of the CV between the regional data and each other data set:
where CV 1 is the CV in any data set except the regional survey and CV 2 was the CV observed in the regional survey. Similar to other uses of CV ratios (Tilman et al., 1998) , Eqn (2) normalizes the CV ratio to a value between 0 and 1. As the CV ratio increases, the difference in variation between each data set increases.
To describe the spatial-scaling characteristics of soil properties and their variation between patch and regional scales, we computed empirical scaling relationships. Spatial scaling patterns within each patch and the entire region were examined using a Monte-Carlo scalevariance estimator, which computed the relationship between area and variance within the landscape. Each landscape was resampled at 100 equal interval scales between two times the minimum interspace distance between sampled points and 50% the extent of the original field survey. For each of these resampling iterations 10 000 circular quadrats were randomly located and if a circle included more than three sample points the standard deviation of each variable was computed for each circle. From the resulting scalevariance patterns, scaling equations (Eqn (3)) were estimated from the relationship between quadrat area and variability, as described by the standard deviation.
Equation (3) describes the variability (V) as a function of a constant (c), sampling area (A), and a scaling exponent (z). Scaling exponents (z) for each data set were computed using regression analysis.
Upscaling from individual sampling points to estimates of land-use type estimates was conducted using two scaling ladders, a point-to-patch rescaling and a patch to land-use type rescaling. The uncertainty associated with each scale translation was empirically estimated. Point-to-patch scaling uncertainty was the uncertainty associated with estimating the patch average from a spatially limited homogenized sample. Similar to the scale-variance estimator, we used a spatially explicit Monte-Carlo subsampling of the fieldcollected data. The algorithm randomly placed 10 000 circular quadrats of constant size on the landscape and computed the deviation between the observed patch mean and the mean within a single quadrat. The MonteCarlo uncertainty estimate for scaling between the point and patch scale was generated using the following equation:
Equation (4) describes the uncertainty associated with each Monte-Carlo subsample (U Monte Carlo ) as a function of the entire sample mean (X) and each data point within the Monte-Carlo subsample (x i ). This value is then normalized by the subsample mean. The width of the 95% uncertainty patch estimate for a given subsample size was computed as the difference between the 97.5 and 2.5 percentiles of the Monte-Carlo uncertainty estimators. We computed the uncertainty estimates for a 15 m radius circle that coincides with the field sampling protocol for the regional data. Furthermore, we identified the radius required to reduce the point-to-patch scaling uncertainty to 10% of the patch mean.
In scaling to land-use class estimates, we linked the point-to-patch uncertainty with the regional data using a combined bootstrapping and Monte-Carlo analysis. All of the samples from the regional survey were assigned to a land-use type based on a field determina-tion. Land-use classes included the mesic grass, agricultural, and native desert land-use types sampled at the patch scale. Additional land-use classes observed in the field were aggregated into an urban class, which included industrial, commercial, and transportation corridors, and an 'other' class, which included all other land uses that did not fit into the previous classes. Each of the field samples was considered representative of a patch whose uncertainty could be modeled from the empirically derived point-to-patch scaling analysis. To generate means and uncertainties or soil properties associated with each land-use type 10 000 bootstrapped samples were obtained from the appropriate land-use subset of the regional data. When a data point was selected for inclusion in a bootstrapped sample, the value was modified by a Monte-Carlo draw from the point-to-patch uncertainty distribution. Point-to-patch uncertainty distributions for each land-use type were obtained from the corresponding uncertainty observed in the two patches of the same land-use type (i.e. desert, agriculture, and mesic). For the land-use types we did not sample at the patch level, uncertainty was approximated as the combined point-to-patch uncertainty. Using the analysis generated from Eqn (4) we computed the land-use type and variable-specific uncertainty associated with scaling from individual points to landuse types.
Combining the land-use type estimate with classified satellite land-cover map (Stefanov et al., 2001) (Fig. 1) , we estimated the total OM and TN stored within the different land-use types of the Phoenix, AZ metropolitan region. A conservative effect of urbanization on regional soil OM, TN, and d
15
N was estimated as percent change, using the assumption that the native desert before urbanization could be approximated by the pattern in the extant desert.
Results
Patch and land-use analyses
Large variation was observed within each patch, within each land-use type, and throughout the entire Phoenix metropolitan region for OM, TN, and d 15 N ( N. In general, the variation at the regional scale was more similar to the land-use type than the patch scale, as determined by the CV ratio between each sampling group and the regional pattern with Eqn (2) (Fig. 2) . Variability in the mesic land-use class was nearly indistinguishable from regional-scale variability. Variation at the regional scale was larger than observed in the other patches or individual land-use types except for Des1, Mesic and Urban for OM, Urban for TN, and Mesic for d 15 N (Table 1 ).
The amount of variation observed within patches and land-use types differed. Within-patch variability in OM was highest at Des1; TN variability was highest in both desert patches; d 15 N variability was highest in Des1, while other patches showed similar amounts of variation (Fig. 2) . Differences in patch CV varied by factors of 3.9, 3.6, and 2.2 for OM, TN, and d 15 N, respectively (Table 1) . Within-land-use variability in OM was highest in urban and mesic land uses; TN variability was also highest in urban and mesic land uses; and d 15 N variability was highest in desert and mesic land uses (Table 1) . Differences in land-use CV varied by factors of 1.9, 1.8, and 1.3 for OM, TN, and d 15 N, respectively.
Scaling analyses
Generating scalograms for spatial scaling of variability allowed us to compute scaling exponents, z (Fig. 3a) . For all scalograms the power-law scaling equation fit with R 2 40.80, suggesting that the resulting exponents were appropriate descriptors of the scaling relations. The scaling exponents showed a large range of variability that was idiosyncratic for individual patches. Fig. 2 The ratio between the regional coefficient of variation (CV) and the CV within individual patches and land-use classes. The ratio rescales the variation at finer scales to the variation observed from the entire region allowing comparisons between the variation observed in individual patches and land-use classes.
Our estimate of point-to-patch uncertainty allowed us to quantify the potential error in upscaling to patch estimates. At the 15 m sampling radius we observed uncertainties ranging between 22% and 123% of the patch mean (Fig. 3b) . The two desert and agricultural patches had similar patterns of uncertainty for SOM, TN, and d 15 N. The mesic sites did not show as consistent a pattern. To compare with the uncertainty at a 15 m radius, we also computed the radius of sample required to reduce uncertainty to 10% of the observed mean patch value (Fig. 3c) . Again, the sampling area that was required to reduce the uncertainty of both the two desert and agricultural patches were consistent within their land-use type. The desert patches required a larger area in both cases for reducing uncertainty than agricultural patches. The two mesic patches varied in the sampling area required for resampling. Incorporating the point-to-patch scaling uncertainty with the patch-to-land-use-type scaling uncertainty allowed for a comprehensive estimate of uncertainty inherent in scaling to each land-use type (Fig. 4) . The desert sites had the highest uncertainty when scaling from points to patches (Fig. 3b, c) ; however, when scaling to land-use type, uncertainties in the desert were generally lowest. Scaling uncertainties in agricultural and mesic patch types were similar to each other. In contrast, uncertainty was high for estimates of the nonmesic urban patches. From the bootstrapping uncertainty analysis (Eqn (4)) we derived estimates of means for each land-use type and with associated 95% confidence intervals (Fig. 5) .
Estimation of regional soil pools
By combining estimates of mean soil OM, TN, and d 15 N for each land-use type and uncertainties for each soil variable with the area of each land-use type, we computed total SOM and TN stored within urbanized patches of the Phoenix, AZ metropolitan region (Table 2) . 
Discussion
Variation within and between patches and scales
The amount of variation in soil OM, TN, and d 15 N occurring within (Question 1) and between (Question 2) individual patches, land-use types and the entire metropolitan region was addressed by computing the mean and CV for each variable for each patch, for each land-use type, and for the entire region (Table 1) . As found in previous research showing substantial differences in spatial heterogeneity between apparently similar sites (Robertson et al., 1993 (Robertson et al., , 1997 , we also observed distinct spatial patterns within each landscape that were independent of land use. Proceeding from patches to land-use types and the region, more variation was generally observed at coarser scales. All land-use types, human-constructed and native, exhibited similar amounts of variation between patches and between land-use types. However, the desert and human-constructed land-use types differed in how their variation was distributed across scales. The majority of variation in the desert land-use type was observed within a single patch, whereas for mesic and agricultural land-uses, most variation was observed between distinct patches. Increased homogeneity within individual patches likely results from consistent management by individual owners. Increased heterogeneity between patches likely results from alternate strategies used by diverse owners with contrasting objectives. For a complementary approach to understanding the variation between scales, we derived scalograms from These values are estimated to a 10 cm depth. OM, organic matter; TN, total nitrogen.
the relationship between area and variability. While patterns within a landscape were accurately described by power-law scaling relationships, the scaling exponents varied considerably between patches, land-use types, and the region. These results suggest that the spatial patterns of soil OM, TN, and d 15 N are responding to distinct drivers operating at distinct scales; thus, a scaling approach that separates heterogeneity into bounded scale domains is appropriate. The uncertainty of soil SOM, TN, and d 15 N storage and variability differs throughout the Phoenix metropolitan region (Question 3). We specifically examined uncertainty at two different scales: (1) point-to-patch scaling within six different patches and (2) patchto-land-use-type scaling. Whereas the uncertainty associated with scaling from point to patch varied considerably by variable and patch of interest, patchto-land-use-type scaling, which included estimated point-to-patch uncertainty, showed consistent trends across variables. Land-use-type uncertainty increased from d
15
N to SOM to TN; scaling errors varied systematically by variable of interest and not by land-use type (Fig. 4) . Patch-to-land-use-type scaling had the lowest uncertainty in the desert patch type and highest in the human-constructed land-use types.
The majority of variation in the desert patches was observable within an individual patch. In contrast, the majority of variation in agricultural and mesic patch types was observed between distinct patches. Previous analyses of soil inorganic N from a geostatistical perspective and of the patterns in inorganic soil N across the CAP-LTER site (Hope et al., in press ) showed that at the regional scale, shallow (top 10 cm) soil NO 3 -N concentrations were spatially autocorrelated between sites in undeveloped desert but not between points within the developed urban area.
These findings suggest that intensive human management decreases heterogeneity of soil properties within individual patches but increases heterogeneity between patches, compared with the native desert (Figs 3b and  4 ). Urbanization appears to have reduced the variability of both physical and biological properties of soils within individual patches, up to the 100 m scale window examined, within the Phoenix metropolitan region. Since patch size varies as a function of distance from urban core (Luck et al., 2001b) , we hypothesize that the spatial scale of variability -and therefore the spatial scale of dominant processes -may also vary along an urban-rural gradient.
Human modification of regional soils
Urbanization and agriculture has enhanced the abundance of SOM, TN, and d 15 N in surface soils (top 10 cm) of the Phoenix, AZ metropolitan region (Question 4). The magnitude of these changes is proportional to area occupied by each land-use type in the region; misclassification of land use may and ongoing urban expansion will alter the area of each land-use type and therefore estimates of the urbanization effect. Mesic landscaping in Phoenix (i.e., the installation of watered lawns, leafy shrubs, and shade trees) increases soil carbon, nitrogen and organic matter compared with native desert patches (Green & Oleksyszyn, 2002) . Moreover, both agricultural and urban residential soils exhibit a legacy of past land use that persists for decades as elevated SOM and N (Lewis et al., 2006) . Our findings support these previous results in terms of direction and general magnitude of pool-size changes. The higher SOM in agricultural compared with native desert soils seen in this study is contrary to the more typical result (at least in mesic systems) that agricultural soils are associated with a decreased SOM (Lal, 1998) . Our results suggest a larger increase in nitrogen associated with urbanization than do Zhu et al. (in press ); however, this discrepancy may be explained by differences in approach. They calculated increases only for inorganic pools, which are much smaller than total pools, selected a lower baseline soil N content to highlight the effects of unknown aspects of urbanization that were not specific to land-use types, and they extrapolated to the urban and nonurban components of the region. Changes in the d 15 N ratio suggests that human activities are not just altering the material storage of TN but are systematically modifying processes within the nitrogen cycle, as changes in d 15 N result from a variety of mechanisms reflecting both inputs and internal processes. Our results are comparable with previous findings in arid regions. Arid and semiarid soils typically consist of between 0.5% and 1.5% SOM (Titus et al., 2002) , with concentrations highest in the top soil layers (Peterjohn & Schlesinger, 1990) . The mean stored nitrogen estimated in a budget of southwestern US aridlands is higher than we report from the desert patches in this study by 0.45 kg N m À3 ; however, our observations are well within the variation described in this budget and other studies, which ranged from 0.105 to 0.831 kg N m À3 (West & Klemmedson, 1978; Post et al., 1985; Peterjohn & Schlesinger, 1990) . In a study of the arid intermountain western United States, d
15 N values varied between 4.0 and 9.0 and were negatively related to soil total N (Evans et al., 1993) , while globally, arid soils have a d 15 N varying between 1.5 and 5.9 (Amundson et al., 2003) . To our knowledge, this study is the first to describe the variation in soil d 15 N within a city.
Uncovering the mechanisms producing d 15 N variation in the Phoenix, AZ metropolitan region should help identify the missing sink observed in the regional nitrogen budget (Baker et al., 2001) . Urbanization in the Phoenix, AZ metropolitan region has altered key biogeochemical patterns that generally respond slowly to environmental drivers and likely will leave an extensive legacy affecting future biogeochemical patterns within this region. The Phoenix, AZ metropolitan region, unlike more mesic urbanized regions McDonnell et al., 1997; Pouyat & Carreiro, 2003; Zhu & Carreiro, 2004 ; but see Bennett, 2003) , does not exhibit a readily apparent urban-to-rural gradient in the mean value of soil, vegetation, or climate patterns (Hope et al., 2003, in press; Jenerette et al., in review) . This difference may be attributable to differences in the structure of Phoenix, AZ and more mesic cities; Phoenix has a generally uniform population density within the urbanized components and an abrupt edge between adjacent urban and native land-use types.
How applicable are these findings to other cities? In other arid regions we expect the construction of agricultural fields and mesic yards will have similar withinpatch effects to those we observed, although the effects on regional soil pools are likely to differ due to the proportions of each land-use type. For cities in more mesic biomes, we might expect an opposite trend -with conversions to agriculture and lawns resulting in lower quantities of organic matter and total nitrogen in the soil than in the native soils. In support of this contention, the Lower Fraser Basin, a temperate rain forest region in southwestern British Columbia, Canada, has exhibited a substantial decrease in carbon storage associated with land-use change (Boyle & Lavkulich, 1997) . Pouyat et al. (2002) hypothesized that urban soils in the arid Southwest would have elevated carbon pools relative to native soils compared with cities in temperate climates, a hypothesis our results support when compared with the results of Boyle & Lavkulich (1997) . Uncovering the mechanisms behind such differences among biomes is an important research challenge for understanding continental and global variation in the effects of urbanization.
Scaling
An explicit examination of scaling approaches is needed to address many questions in ecology (King, 1991; Rastetter et al., 1992) and assessing rates of global change (Wessman, 1992; Osmond et al., 2004) . Linked top-down and bottom-up scaling approaches are especially needed to identify the combined consequences of diverse human activities on terrestrial ecosystems (Canadell et al., 2000) . Scaling analyses are useful for revealing insights into the consequences of multiple drivers affecting ecosystem patterns (Wu et al., 2005) .
Perhaps most pressing is the need for strategies to upscale ground measurements to provide verification for coarse-resolution remotely sensed products such as MODIS (Turner et al., 2004) . As used in our study, combining observations from multiple scales with Monte-Carlo-derived estimates of uncertainty at different hierarchical levels is one approach for addressing these issues (Katz, 2002) . A diverse suite of scaling theories has developed (O'Neill, 1989; King, 1991; Milne, 1998; Wu et al., 2005) that emphasizes both the similarity in patterns within domains of scale (Barenblatt, 1996; Schneider, 2001) and discontinuities in patterns between domains of scale (O'Neill et al., 1986; Holling & Gunderson, 2002) . Many ecosystem patterns and processes exhibit consistency in scaling over limited domains of scale (Milne et al., 2002; Wu, 2004) . Within individual scaling domains, captured by our regional and patch surveys, power-law scaling based on similarity theory was effective as shown by the high r 2 values (40.8) for relationships between sample area and sample variation. Important scale breaks were observed at the within-patch and between-patch boundary in the Phoenix metropolitan region, when comparing six distinct patches and the entire region. As suggested by these scale differences, a hierarchical scaling ladder approach (Wu, 1999) incorporating domains of similarity and discontinuities between scaling domains, provides a conceptual approach for recognizing the importance of both scale similarity and scale discontinuities. A central component of spatial scaling is the determination of uncertainty (Williams et al., 2001; Katz, 2002) . Through this study we developed a comprehensive approach to scaling and uncertainty assessment between points, patches, land-use types and the region. In our approach, five sources of uncertainty potentially exist: measurement uncertainty, patch uncertainty, land-use type uncertainty, mapped uncertainty, and finally, regional uncertainty. Simply adding uncertainty from each stage is inappropriate, as uncertainty often propagates between scales in a nonlinear fashion (Wu et al., 2005) . Indeed, we observed declining uncertainty when moving from an individual patch to estimates of the land-use types. By identifying a scaling ladder and computing associated uncertainty in a series of discrete steps, our results support the usefulness of a compromise between self-similarity and hierarchically based spatial scaling. Such an approach will be useful for linking landscape structure analyses to ecological patterns and processes in a variety of ecosystems -wild, rural, and urban. The scaling approach outlined here can be more generally applied for linking local and regional observations to quantify the uncertainty associated with estimates of global change.
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Cities, by virtue of highly concentrated human activities, are important locations for the interactions between ecological and social systems. While often excluded or assumed to be similar to native ecosystems, urbanization substantially alters soil organic matter and nitrogen patterns. Assessing ecosystem response to the multiple-scale sources of variation within a city provides insight into the linkages between social and ecological components. Within a city these linkages between society and ecosystems occur at multiple scales ranging from individual patches to the urbanized region as a whole. Characterizing the scaling relationships helps in understanding the determinants of ecosystem patterns. While the uncertainty associated with scaling from point to patch varied considerably by variable and patch of interest, patch to land-use type scaling showed consistent trends across variables. Compared with the remaining undeveloped desert, urban soils have larger pools of organic matter and total nitrogen and less variability at scales below 100 m. However, because the number of surveys conducted within individual patches were limited, further research within individual patches and at the interfaces between patches is still needed. Land use is a strong predictor of local pool sizes and variability within a patch, but we have shown that the spatial distribution of this variation may itself vary substantially throughout a city. As direct human-ecological interactions are increasingly occurring within urbanized landscapes, understanding the connections between humans and urbanized ecosystems will increase in importance both for basic understanding and ensuring the sustainability of these high-density human habitats.
